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Search for anomalous production of prompt like-sign muon pairs and constraints on 
physics beyond the Standard Model with the ATLAS detector 
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The ATLAS Collaboration 

An inclusive search for anomalous production of two prompt, isolated muons with the same electric 
charge is presented. The search is performed in a data sample corresponding to 1.6 fb _1 of integrated 
luminosity collected in 2011 at y^i = 7 TeV with the ATLAS detector at the LHC. Muon pairs are 
selected by requiring two isolated muons of the same electric charge with pt > 20 GeV and |?7| < 2.5. 
Minimal requirements are placed on the rest of the event activity. The distribution of the invariant 
mass of the muon pair m(/xp) is found to agree well with the background expectation. Upper limits 
on the cross section for anomalous production of two muons with the same electric charge are placed 
as a function of m(^) within a fiducial region defined by the event selection. The fiducial cross- 
section limit constrains the like-sign top-quark pair-production cross section to be below 3.7 pb at 
95% confidence level. The data are also analyzed to search for a narrow like-sign dimuon resonance 
as predicted for e.g. doubly charged Higgs bosons (i/ ±=t ). Assuming pair production of H bosons 
and a branching ratio to muons of 100% (33%), this analysis excludes masses below 355 (244) GeV 
and 251 (209) GeV for H bosons coupling to left-handed and right-handed fermions, respectively. 

PACS numbers: 13.85. Rm, 14.80.Fd, 12.60.Cn 



I. INTRODUCTION 



Events containing two high-px, prompt, like-sign lep- 
tons are rarely produced in the Standard Model (SM), 
but occur with an enhanced rate in several models of new 
physics. For example, supersymmetry [![, universal extra 
dimensions 0], left- right symmetric models H-B , Higgs 
triplet models 0-4^1 , the little Higgs model [lfjjT fourth- 
family quarks [11] , and flavor-changing neutral currents 
resulting in the production of like-sign top quarks [l2l - [2"oT | 
could all give rise to final states with two leptons of the 
same electric charge. Most of these models would result 
in an excess of like-sign dimuons over the background 
with no distinct kinematic features. However, doubly 
charged Higgs bosons (if ±=t ), predicted by some of those 
models, would be observed as a narrow resonance in the 
dimuon mass spectrum. 

In the analysis described in this article, events con- 
taining like-sign muon pairs are selected and their invari- 
ant mass distribution is compared to the SM prediction. 
Both muons are required to have transverse momentum 
Pt > 20 GeV and pseudorapidity [2l[ \rj\ < 2.5, and 
they must be isolated from other activity in the event. 
Upper limits on the cross section of non-SM physics in a 
fiducial region corresponding to the experimental require- 
ments are derived as a function of the dimuon invariant 
mass. Results are presented inclusively for fx , fx pro- 
duction and separately for and li~ pT final states. 
The fJ- + n + result is further used to constrain like-sign 
top-quark pair production. The data are also used to 
search for a narrow dimuon resonance with a width much 
smaller than the detector resolution of ~ 3%. An exam- 
ple of a particle that may result in a narrow mass peak is 
a short-lived ff ±=t boson, predicted by a number of the 



models for new physics mentioned above. Constraints on 
the if ±=t mass as a function of its branching ratio to two 
muons are presented. 

The ATLAS Collaboration has previously reported an 
inclusive search for new physics in the like-sign dilepton 
final state in a data sample corresponding to an inte- 
grated luminosity of 34 pb -1 No significant de- 
viation from SM expectations was observed, and fidu- 
cial cross-section limits as well as limits on several spe- 
cific models of physics beyond the SM were derived. 
The CDF Collaboration has performed similar inclu- 
sive searches [23|, [24| without observing any evidence 
for new physics. Like-sign top-quark pair production 
has previously been searched for by the CDF [25[ and 
the CMS Collaborations [26[. The upper limit on the 
cross section set by the CMS Collaboration in pp colli- 
sions at y/s = 7 TeV is 17 pb. Direct limits on ff ±=1= 
bosons have previously been set at hadron colliders by 
the CDF 0, H3 and DO [M H3 Collaborations. The 
most stringent limits to date for H ±zt bosons decaying to 
dimuons with a branching ratio of 100% exclude masses 
below 205-245 GeV depending on the couplings [24j , 

This article is organized as follows. A brief descrip- 
tion of the ATLAS detector is given in Section |TTJ Sec- 
tion IIIII presents the data and simulation samples used. 
The event selection is described in Section ITV1 The back- 
grounds are discussed in Section [V] and Section |VI] sum- 
marizes the systematic uncertainties. The data are com- 
pared to the background estimate in Section IVII1 The 
interpretation of the data as a cross-section upper limit 
within the fiducial region, for four ranges of dimuon in- 
variant mass, and its implication on like-sign top-quark 
pair production are reported in Sections I Villi and IIXI 
respectively. The narrow resonance search and its inter- 
pretation in terms of if boson production is presented 
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in Section [X] Finally, Section IXj summarizes the conclu- 
sions. 



II. THE ATLAS DETECTOR 

The ATLAS detector [3(| consists of an inner tracking 
system, calorimeters, and a muon spectrometer. The in- 
ner detector, directly surrounding the interaction point, 
is composed of a silicon pixel detector, a silicon strip de- 
tector, and a transition radiation tracker, all embedded 
in a 2 T axial magnetic field. It covers the pseudorapidity 
range \rj\ < 2.5 and is enclosed by a calorimeter system 
containing electromagnetic and hadronic sections. The 
calorimeter system is surrounded by a large muon spec- 
trometer built with three air-core toroids. This spec- 
trometer is equipped with precision chambers (composed 
of monitored drift tubes and cathode strip chambers) 
to provide precise position measurements in the bending 
plane in the range |?7| < 2.7. In addition, resistive plate 
chambers and thin gap chambers with a fast response 
time are used primarily to trigger muons in the rapid- 
ity ranges \rj\ < 1.05 and 1.05 < \rj\ < 2.4, respectively. 
Momentum measurements in the muon spectrometer are 
based on track segments formed in at least two of the 
three precision chambers. The resistive plate chambers 
and thin gap chambers provide position measurements 
in the non-bending plane which is used to improve the 
pattern recognition and the track reconstruction. 

The ATLAS detector has a three-level trigger sys- 
tem [3TI ] which reduces the event rate to approximately 
200 Hz before data transfer to mass storage. The Level-1 
muon trigger searches for hit coincidences between dif- 
ferent muon trigger detector layers inside programmed 
geometrical windows that define the muon transverse mo- 
mentum and provide a rough estimate of its position. It 
selects muons in the rapidity range \rj\ < 2.4. The Level-1 
trigger is followed by a high-level, software-based trigger 
selection which is similar to that of the offline reconstruc- 
tion. 



III. DATA SAMPLE AND MONTE CARLO 
SIMULATION 

This analysis is carried out using a data sample corre- 
sponding to an integrated luminosity of 1.6 fb -1 recorded 
between March and July of 2011 at a center-of-mass en- 
ergy of 7 TeV. The data are selected using single-muon 
triggers with a pr threshold of 10 GeV at Level-1. At the 
high-level trigger, a muon with > 18 GeV is required. 
In this dataset, the average number of interactions per 
beam crossing is about six. 

Monte Carlo (MC) simulation is used to estimate some 
of the background contributions and to determine the se- 
lection efficiency and acceptance for possible new physics 
signals. The dominant SM processes that contribute 
to prompt like-sign dimuon production are WZ, ZZ, 



W'^W'^, and ttW. These are all estimated using MC 
simulation. For processes with a Z boson, the contribu- 
tion from 7* is also simulated for m(M) > 20 GeV. WZ 
and ZZ events are generated using Herwig [32J, and 
W^W^ and ttW production is generated with Mad- 
Graph for the matrix element and Pythia [34[ for 
the parton shower and fragmentation. 

The normalization of the WZ and ZZ MC samples 
is based on cross sections determined at next-to-leading- 
order (NLO) using MCFM The NLO cross sec- 
tions times branching ratios for W^Z —> l^vi^l^ and 
ZZ — > £ ± ^ =F £ ± £ T , where I is an electron, muon, or tau 
lepton, after requiring two charged leptons with the same 
electric charge and with pr > 20 GeV and \rj\ < 2.5, are 
347 fb and 54 fb, respectively. The if -factors for WZ 
and ZZ production, defined as the ratios between the 
NLO and the leading order (LO) cross sections, depend 
on the kinematic requirements placed on the muons and 
the invariant mass of the like-sign muon pair. Therefore, 
fsT-factors that depend on this invariant mass are applied. 

Opposite-sign dimuon events due to Drell-Yan, tt, and 
W W T production constitute a background if the charge 
of one of the muons is misidentified. W^W T production 
is generated using Herwig. The Drell-Yan process is 
generated with Alpgen [3^|, whereas the tt background 
is modeled using MC@NLO (37| . 

In addition, a variety of new physics signals are simu- 
lated in order to study the efficiency and acceptance of 
the selection cuts. 

Like-sign top-quark pair production can occur in mod- 
els with flavor-changing neutral currents, e.g. via a t- 
channcl exchange of a Z' boson with utZ' coupling. Since 
the left-handed coupling is highly constrained by B® — S° 
mixing [3S| . only right-handed top quarks (tn) are con- 
sidered. Samples for this process are produced with the 
Protos [39| generator, using Z' mass values of 100, 150 
and 200 GeV. An additional sample is generated, based 
on an effective four-fermion operator uu —¥ tt correspond- 
ing to Z 1 masses ^> 1 TeV [10]. The parton shower and 
hadronization are performed with Pythia. 

Pair production of doubly charged Higgs bosons (pp — > 
H ±:t H TT ) via a virtual Z/j* exchange is generated 
using Pythia for 7J ±± mass values between 100 and 
400 GeV [H. 

Production of a right-handed W boson (Wr) decay- 
ing to a charged lepton and a Majorana neutrino (Nr) 
41 , [42j , and pair production of heavy down- type fourth 
generation quarks (dj) decaying to tW are generated us- 
ing Pythia. 

Parton distribution functions taken from 
CTEQ6L1 [H are_ used for the LO MC genera- 
tors, while for the tt MC@NLO sample CTEQ6.6 Q 
parton distribution functions are used. 

The detector response to the generated events is sim- 
ulated with the ATLAS simulation framework [45| using 
Geant4 [ill, and the events are reconstructed with the 
same software used to process the data. The simulated 
response is corrected for the small differences in efficien- 



3 



cies, momentum scales, and momentum resolutions be- 
tween data and simulation. 



IV. EVENT SELECTION 

Events are selected with an inclusive single-muon trig- 
ger with a pt threshold of 18 GeV as described in Sec- 
tion [TTTJ They must further contain at least two muons of 
the same electric charge with pt > 20 GeV and \r]\ < 2.5. 
The efficiency of the trigger selection for muon pairs in 
Z — > events passing the event selection used here 

is 97%. Any combination of two muons is considered, 
allowing more than one muon pair per event to be in- 
cluded. The invariant mass of the two muons, m(/i/i), 
is required to be larger than 15 GeV to exclude the low- 
mass hadronic resonances such as the J/ip and T mesons. 
All events used in this analysis are required to have a 
primary vertex determined with at least five tracks with 
Pt > 0.4 GeV. If more than one interaction vertex is 
found, the vertex with the highest Yli=i Pt where N is 
the number of tracks associated to the vertex, is defined 
as the primary vertex. 

Muons selected for this analysis are formed from tracks 
reconstructed in the inner detector combined with tracks 
reconstructed in the muon spectrometer [47| . The in- 
dependent charge measurements from these two detec- 
tors are required to agree to reduce the charge mis- 
measurement rate. In addition, the transverse and lon- 
gitudinal impact parameters with respect to the pri- 
mary event vertex must be small, \do\ < 0.2 mm and 
|zosin#| < 5.0 mm, and the transverse impact pa- 
rameter significance, \do\/a(do), is required to be less 
than 3.0. The muon isolation (p™ nc40 ) is defined as 
the scalar sum of the transverse momenta of all tracks 
with pt > 0.5 GeV within a cone around the muon 
axis of size AR = \J A<fi 2 + Ary 2 = 0.4 that are within 
|zo| < 1 cm of the primary event vertex. Requirements 

of p conc40 < 5 Q eV and p co„c40/ pT ^) < q gg are m&de 

The above selection cuts are chosen to retain a high 
efficiency for prompt muons while rejecting a large frac- 
tion of non-prompt backgrounds. For muons from Z- 
boson decays, the efficiency of the impact parameter sig- 
nificance and the isolation cuts ranges from 87% to 97% 
depending on pt, while for muons from b- and c-hadron 
decays, the efficiency is about 3.5%. For muons arising 
from r decays in Z — > tt events, the efficiency is about 
60%. 



V. BACKGROUND DETERMINATION 

The SM backgrounds for like-sign dimuon final states 
can be divided into background from production of 
prompt like-sign dimuons, background caused by muons 
from hadronic decays (non-prompt muons), and back- 
ground from processes with two prompt opposite-sign 



muons where the charge of one of the muons is mismea- 
sured. 

The dominant SM processes with two prompt leptons 
of the same electric charge in the final state are W ± Z —> 
i^vi^F, ZZ £ ± £^e ± £^, W ± W ± ->■ t^vi^v, and 
tiW -> £ ± £ ± + X. Any other SM processes are found 
to be negligible. The contribution of these processes to 
the signal region is estimated from MC simulation using 
the samples described in Section Hill In these simulated 
samples, only muons that originate from a r lepton, a 
W boson, or a Z boson are considered prompt. Muons 
originating from any other sources are discarded in or- 
der to avoid double-counting with the non-prompt muon 
background that is derived from data. 

Background from non-prompt muons may originate 
from several different sources: semi-leptonic b- or c- 
hadron decays, muons from pion or kaon decays in flight, 
and misidentified muons from hadronic showers in the 
calorimeter which reach the muon spectrometer and are 
incorrectly matched to a reconstructed inner detector 
track 48(. The background from non-prompt muons 
is estimated from data using a matrix method [49| . 
This method requires knowledge of the probabilities for 
prompt and non-prompt muons to pass the isolation re- 
quirement. The probability for non-prompt muons to 
pass the isolation cut is determined using muons with 
\do\/a(do) > 5 in dimuon or single muon samples. These 
are dominated by semi-leptonic b- and c- hadron decays. 
The probability is found to be 5% rather independently 
of pt and 77. A systematic uncertainty is derived from a 
complementary sample where \do\/a(do) < 3 is required. 
In this sample, prompt muons from W or Z decays are 
suppressed by requiring there to be exactly one muon in 
the event, the transverse mass [5(| of the muon and the 
missing transverse energy [5l[ to be below 10 GeV, and 
at least one jet with pt > 20 GeV to be present. The 
resulting systematic uncertainty on the probability for 
non-prompt muons to pass the isolation cut varies be- 
tween 30% and 100% depending on pt- The probability 
for prompt muons to pass the isolation cut as a function 
of pt and 77 is derived from Z — > MC events and 

is cross-checked with data. 

Another source of background arises from opposite- 
sign muon pairs where the charge of one of the two muons 
is misidentified. This background source is negligible in 
the relevant mass range as estimated from simulation. 
The charge misidentification probability is also measured 
from Z — ¥ events in data by exploiting the indepen- 
dent charge measurements provided by the inner detector 
and the muon spectrometer. It is found to be consistent 
with zero in the relevant pt range. Based on observ- 
ing zero charge misidentified events in data, a 68% up- 
per limit is placed on this probability as function of pt, 
which ranges up to 10% at pt(m) = 400 GeV. This up- 
per limit is applied as a function of pt(m) to opposite-sign 
prompt muon pairs in the Drell-Yan, W + W~ , and ti MC 
samples to determine the systematic uncertainty on this 
background source. 
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The background estimate is cross-checked in a variety 
of samples complementary to the signal region. These 
include like-sign muon pairs where at least one muon 
fails the \do\/a(do) cut, like-sign muon pairs where both 
muons fail the isolation requirement used in the analy- 
sis but pass a looser isolation requirement, like-sign and 
opposite-sign muon pairs where both muons fail the iso- 
lation requirement used in the analysis but pass a looser 
isolation requirement and at least one muon fails the 
\do\/a(d Q ) cut, and opposite-sign muon pairs where both 
muons pass the final analysis requirements. For all con- 
trol regions, the data are found to agree with the back- 
ground prediction within the systematic uncertainties, 
both in overall event yield and in the shape of the dimuon 
mass distribution. 



VI. SYSTEMATIC UNCERTAINTIES 

Uncertainties on the event selection efficiencies and the 
luminosity affect the predicted yield of signal events as 
well as those backgrounds that are estimated purely from 
MC simulation, i.e. WZ, ZZ, W ± W ± , and ttW pro- 
duction. The uncertainty on the muon reconstruction 
efficiency is ±1% In addition, the efficiency of the 
requirements on impact parameter and isolation is ob- 
served to be 3% lower in data than in simulation at the 
lowest pt values while for p^ > 30 GeV data and simu- 
lation agree typically within ±1%. The resulting uncer- 
tainty on the muon pair selection efficiency due to the 
muon identification efficiency is i*'g%. The uncertainty 
on the muon trigger efficiency of < 1% 5'j results in 
an uncertainty on the selection efficiency of ±0.3%. The 
uncertainty in the muon momentum scale [53j results in 
an uncertainty on the dimuon pair selection efficiency of 
±0.9% due to the migrations across the pt and m(fi(J,) 
cut thresholds. In addition, the integrated luminosity 
measurement has an uncertainty of ±3.7% [Hil IHlj. 

The uncertainty in the production cross sections of the 
SM processes affect the predicted yield of the prompt 
muon background. The WZ and ZZ cross-section un- 
certainties due to higher-order corrections are estimated 
to be ±10% by varying the renormalization and factor- 
ization scales by a factor of two. For ttW production, 
the higher-order corrections are estimated to be similar 
to those for ttZ, which are calculated in Ref. |56[, and 
the cross section is taken to be a factor of 1.30 ± 0.65 
higher than the LO cross section 57J. The full higher- 
order corrections for W A± TU ± production have not yet 
been calculated. However, for parts of the process, the 



NLO QCD corrections have been shown to be small [581 ]. 
Here, the LO cross section is used and an uncertainty of 
±50% is assumed. 

Uncertainties on the parton distribution functions af- 
fect both the acceptance and the normalization of the 
prompt muon backgrounds and the new physics models 
constrained in this paper. This uncertainty is evaluated 
using the eigenvectors provided by the MSTW20081o68cl 



set [HH of parton distribution functions using the pre- 
scription given in Ref. [icj and adding in quadrature 
the difference between the central cross-section value 
obtained using this set and that obtained with the 
CTEQ6L1 [43[ parton distribution functions. For the di- 
boson background, the resulting uncertainty on the cross 
section is ±7%. The uncertainty on the acceptance due 
to this source is typically ±2%. 

The uncertainty on the number of muon pairs from 
non-prompt muon backgrounds has systematic and sta- 
tistical components which are added in quadrature to 
give the total uncertainty on this background source. The 
systematic component is derived from the uncertainty on 
the measurement of the fraction of non-prompt muons 
passing the isolation cuts which ranges from ±30% for 
m(nn) > 15 GeV to ±80% for m(/i/i) > 300 GeV (see 
Section |V|. The statistical component arises from the 
limited number of non-isolated muons used in the matrix 
method: this is ±3% for m(/i^) > 15 GeV and ±45% 
for m(fip 1 ) > 300 GeV. The background due to charge 
misidentification has an uncertainty of ±2.7 events for 
the full sample and ±0.6 events in the highest mass re- 
gion. 

Any statistical uncertainties due to limited size of the 
background and signal MC samples are also considered. 

Systematic uncertainties on different processes from 
the same origin are assumed to be 100% correlated. 



VII. COMPARISON OF THE DATA TO THE 
BACKGROUND EXPECTATION 

The invariant mass distributions observed in the data 
are compared to the predicted background for /i ± /z ± , 
and production in Figure [T] 

Table U summarizes the number of observed and ex- 
pected muon pairs for /i ± /x ± , and p~^~ produc- 
tion for four cuts on the dimuon invariant mass. The 
data agree with the background within the systematic 
uncertainties and no excess is observed. The number of 
data events in high-mass bins is lower than the back- 
ground expectation, but in all mass bins the probability 
that the background gives a fluctuation as low or lower 
than observed in the data is found to be greater than 
5%. In all mass bins, prompt muons from diboson pro- 
duction are the dominant background but non-prompt 
muons also contribute significantly: about 40% at low 
mass and 10% at high mass. 



VIII. UPPER LIMITS ON THE CROSS 
SECTION FOR PROMPT LIKE-SIGN DIMUON 
PRODUCTION 

A 95% confidence level (C.L.) upper limit on the num- 
ber of like-sign muon pairs due to anomalous production, 
Ng§(fip,), is obtained using a Bayesian approach with a 
flat prior for the number of events from new physics, in- 
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TABLE I. Expected and observed numbers of pairs of isolated like-sign muons for various cuts on the dimuon invariant mass, 
m(fifi). The uncertainties shown are the quadratic sum of the statistical and systematic uncertainties. The prompt muon 
background contribution includes the WZ, ZZ, W ± W ± , and tiW processes. 
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of new physics. The fiducial cuts used to define the ef- 
ficiency are closely matched to those imposed at recon- 
struction level: both muons must have pr > 20 GeV, 
\r]\ < 2.5, and be separated by AR > 0.4 from any jet or 
prompt muon or electron with px > 20 GeV. 

A variety of models is considered for the determination 
of e fid, and the lowest efficiency value obtained among all 
the models is used. The models considered are like-sign 
top-quark pair production via an effective four-fermion 
coupling, Majorana neutrino (Nr) production from the 
decay of a Wr boson, pair production of fourth genera- 
tion quarks decaying via top quarks, and doubly charged 
Higgs boson production. A variety of mass values for 
those models is considered: 800 < iji^Wr) < 1500 GeV 
and 100 < m(N R ) < 1300 GeV, 300 < m(d 4 ) < 500 GeV, 
and 100 < m(fl" ±± ) < 300 GeV. The efficiency val- 
ues obtained from any of these samples with respect 
to the fiducial cuts vary for different models and mass 



tegratin g oy er Gaussian priors for the systematic uncer- 
tainties [6l[ H2| . All systematic uncertainties discussed 
above are included, and correlations between their ef- 
fects on signal and background processes are taken into 
account. 

The upper limit on the number of anomalously pro- 
duced muon pairs, Ng^(fifi), ranges from 41 pairs for 
m(/z/x) > 15 GeV to 3.8 pairs for m(fifj,) > 300 GeV 
at 95% C.L. The limit on the number of muon pairs is 
translated to a 95% C.L. limit on the cross section mea- 
sured in the phase space region defined by the fiducial 
cuts as 



'95 = " (1) 



where J Cdt is the integrated luminosity of 1.61 ± 
0.06 fb _1 . The efficiency of the experimental cuts with 
respect to the fiducial region, Efid, depends on the model 
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TABLE II. Expected and observed 95% C.L. upper limit on 
the cross section, <7gg d , for new physics in bins of dimuon mass 
for like-sign muon pairs with Pt(aO > 20 GeV, \rj(jj,)\ < 2.5, 
and AR > 0.4 between the muon and any jet, prompt electron 
or prompt muon with pr > 20 GeV. 
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FIG. 1. 



fx fi pairs 



Distribution of the dimuon invariant mass for a) 
b) fi + fi + pairs, and c) fl~fl~ pairs. The data 
are compared to the stacked background estimates. The ratio 
between the data and the predicted background is also shown, 
where the shaded region is the total systematic uncertainty 
on the background prediction. 



bins due primarily to the px-dependence of the isola- 
tion efficiency. Like-sign top-quark pair production re- 
sults in the lowest fiducial efficiency of 43.9^2'4% for 
m(fi ± fi ± ) > 300 GeV, while a model with Wr boson 
of 800 GeV decaying to a 500 GeV Majorana neutrino 
gives the highest value of 72.h^_2%%. For pair produc- 
tion of 100 GeV H ±±: bosons, the fiducial efficiency is 
69.8^2:0% for m(/i ± ^i ± ) > 15 GeV. The efficiency uncer- 
tainties include all sources discussed in Section I VII To 
derive the cross-section limits, the lowest efficiency value 
of 43.9iJ,'4% i s use d in all mass bins. The resulting lim- 
its are given in Table [TT] for the four mass ranges and 
separately for fi fi , fi + fi + , and [i~li~ production. 



IX. LIMITS ON LIKE-SIGN TOP-QUARK PAIR 
PRODUCTION 



Like-sign top-quark pair production can occur if e.g. a 
flavor-changing Z' boson that couples to u and t quarks 
is exchanged in the ^-channel. The fiducial cross-section 
limits presented above are used to constrain this model. 

In order to assess the impact on any physics model, 
the acceptance of the fiducial cuts with respect to the full 
phase space, A fid, needs to be determined. The cross- 
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section limit for that model is then given by 



095 



.4 



fid 



(2) 



For the model of like-sign top-quark production, only 
fi + fi + pairs are considered since the fJ>~fX" process con- 
tributes less than 3% at the LHC due to the much smaller 
w-quark density compared to the w-quark density in the 
proton. The fiducial acceptance for the production of 
right-handed like-sign top quarks, -A/id is deter- 
mined for each mass cut and for four Z' mass values. 
For m(Z') = 100 GeV (m(Z') > 1 TeV), A fld ranges 
from 0.69% (0.62%) for m(n+fi+) > 15 GeV to 0.12% 
(0.29%) for m(n+n+) > 300 GeV. This acceptance is de- 
fined with respect to inclusive decays of the W bosons, so 
the small values are primarily caused by the low W — > /iv 
branching ratio. The relative uncertainty on the accep- 
tance is typically 2-3% and accounts for both the statis- 
tical uncertainty and the uncertainty due to the parton 
distribution functions as discussed in Section [VII 

The mass range that gives the best expected limits is 
m(M + |U + ) > 200 GeV for all m(Z'). The results are listed 
in Table |TTT] for four Z' masses. The upper limits on the 
tutu production cross section range from 2.2 to 3.7 pb 
depending on m(Z'). 



other model parameters such as the masses of the neu- 
tral and singly charged Higgs bosons and are therefore 
not included. Only fl r±± bosons decaying to muons with 
coupling values between 10~ 5 and 0.5 are considered to 
ensure a short lifetime (cr < 10 /im) and that the relative 
natural width, T/M, is less than 1%. Doubly charged 
Higgs bosons couple to Higgs and electroweak gauge 
bosons and either left-handed or right-handed charged 
leptons, and are denoted Hf^ or H^, respectively. 
While H^f 1 couple both to the Z boson and to photons, 
bosons only couple to photons, i.e. coupling to any 
hypothetical right-handed gauge bosons is neglected, re- 
sulting in a 2.5 times smaller pair-production cross sec- 
tion for the latter. 

Next-to-leading-order calculations of the H ±iL pair- 
production cross section via the Drell-Yan process are 
used Higher-order QCD corrections beyond the 

next-to-leading-order accuracy are expected to increase 
the cross section by about 5% but are neglected here. 
The uncertainty on the cross section is ±10% due to scale 
dependence in the NLO calculation, parton distribution 
function uncertainties, and neglected electroweak correc- 
tions 1651 . 



B. Constraints on H bosons 



TABLE III. Upper limit at 95% C.L. on the t R t R production 
cross section, CT95 (tittit), for four Z' mass values based on the 
search with m(/x+^+) > 200 GeV. 



m(Z') 


0"95(tfl< 

expected 


R) [Pb] 
observed 


100 GeV 




3.7 


150 GeV 


q+1-9 
0.7 


3.0 


200 GeV 


2 9+ 1 ' 6 


2.6 


> 1 TeV 


2 t V 1 - 4 


2.2 



X. CONSTRAINTS ON DOUBLY CHARGED 
HIGGS BOSONS 

The data are used to constrain the production of a nar- 
row resonance decaying to two muons, using as reference 
model the production of iJ ±=t bosons. In Section lX Al the 
model considered for i? ±± production is described and 
the results are presented in Section IXBl 

A. H ±± boson production 

The production process of doubly charged Higgs 
bosons considered here is pair production via the ex- 
change of a virtual Z/j* [6J]. Other production mech- 
anisms may contribute in addition but they depend on 



The data are used to derive an upper limit on H pair 
production via the Drell-Yan process. For this purpose, 
counting experiments are performed in steps of 10 (20) 
GeV for m(nn) < 200 GeV (m(fifi) > 200 GeV) in a mass 
window of size ±10% of the central mass, corresponding 
to about three times the experimental mass resolution. 

The product of the acceptance and efficiency to detect 
a single 7J ±=t boson is evaluated based on simulated sam- 
ples. It is 46% at m(H ±± ) = 100 GeV and increases to 
57% at 300 GeV. Uncertainties on the acceptance arise 
from the parton distribution functions, the interpolation 
between i/ ±=t mass values, and the limited MC statis- 
tics. Adding these three uncertainties in quadrature, 
an overall acceptance uncertainty of ±3.6% is obtained. 
The other systematic uncertainties are propagated as de- 
scribed in Section IVll 

This analysis aims to constrain the pair production 
(pp — > H ++ H~~) process. In the analysis, however, 
like-sign muon pairs are counted, and two muon pairs 
per event can contribute. The cross section for pair pro- 
duction of H bosons, <jhh, is related to the number 
of reconstructed dimuon pairs, V(/i ± yLt ± ), by 

where A x e is the acceptance times efficiency to detect a 
single /i ± /i ± pair with invariant mass within 10% of the 
considered iJ ±± mass value. It was verified that for this 
process the efficiency for detecting a single /x ± /^ ± pair is 
not affected by the presence of a second pair in the event. 
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The cross-section limits are obtained using the same 
procedure as described in Section IVIIII The expected 
and observed upper limits at 95% C.L. on the cross sec- 
tion times the branching ratio, a(pp — > H ++ H ) x 
BR(H ±:k — > fi ± fi ± ), are shown in Figure [2j The ob- 
served upper limit is 11 fb at m(i? ±± ) = 100 GeV and 
1.7 fb at m(77 ±± ) = 400 GeV. The median expected up- 
per limits based on the background expectation together 
with the ±lcr and ±2er uncertainty bands are also shown. 
The results derived from data are consistent with the ex- 
pectation over the full mass range. 

The cross-section limit is compared to the prediction 
for the pair-production cross section of and 
bosons, assuming a branching ratio for the dimuon de- 
cay of 100%. For this scenario, bosons are ex- 
cluded for m(_ff^ ± ) < 355 GeV, while bosons are 
excluded for m( J ff| ± ) < 251 GeV at 95% C.L. for the 
central value of the theoretical prediction. The corre- 
sponding expected limits are 337 GeV and 264 GeV, re- 
spectively. Using a 10% lower value for the theoretical 
prediction (corresponding to the la uncertainty on the 
cross section), the data exclude m(H L ) < 348 GeV 
and mCZTf*) < 248 GeV. 




10 100 150 200 250 300 350 400 

H- mass [GeV] 



FIG. 2. Upper limit at 95% C.L. on the cross section times 
branching ratio for pair production of doubly charged Higgs 
bosons decaying to two muons. Superimposed is the predicted 
cross section for H^ + H£~ and H^ + H^ production assum- 
ing a branching ratio to muons of 100%. The bands on the 
predicted cross sections corresponds to the theoretical uncer- 
tainty of 10%. 



The observed and expected limits on the mass of dou- 
bly charged Higgs bosons are also determined as a func- 
tion of the branching ratio to fi . /z assuming the central 
value of the theoretical cross-section prediction. This is 
shown in Figure [3] for and bosons, respec- 

tively. For example, assuming a branching ratio of 33% 
to muons, the respective lower mass limits are 244 GeV 
for and 209 GeV for i/f ± bosons. 



XI. CONCLUSIONS 

An inclusive search for production of pairs of prompt 
like-sign muons has been presented using a dataset corre- 
sponding to an integrated luminosity of 1.6 fb -1 recorded 
with the ATLAS detector at the LHC. The data agree 
with the background expectation and no sign of new 
physics has been found. The data are used to place 
model-independent upper limits on the cross section of 
new physics processes giving rise to like-sign dimuons 
ranging from 5.3 fb for m(/Lt ± /x ± ) > 300 GeV to 58 fb for 
m( y u ± /x ± ) > 15 GeV. In addition, constraints are placed 
on like-sign top-quark and doubly charged Higgs boson 
production. The 95% C.L. limit on the like-sign top- 
quark production cross section of 3.7 pb is more than four 
times more restrictive than previous results. The lower 
mass limit on doubly charged Higgs bosons with a 100% 
(33%) branching ratio to muons is 355 (244) GeV and 
251 (209) GeV for H ±i: bosons coupling to left-handed 
and right-handed fermions, respectively. 
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FIG. 3. Exclusion region at 95% C.L. of the H ±:t mass as a function of the branching ratio to muon pairs, BR{H ±:iz — > fj. fi ), 
for a) bosons and b) bosons. The shaded areas show the observed exclusion region, the solid lines show the expected 

exclusion region, and the dashed lines show the ±1(7 variations of the expected exclusion region. 
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